One of the main interests in reconstructing the evolution of past environmental conditions is to place the present environmental situation in its historical context. Fine-grained sediments with large adsorption potential represent a good repository for environmental tracers (Valette-Silver, 1993) and during the past decade, geochronology studies combined with the analysis of environmental tracers in sediments have provided valuable information on the respective contribution of marine, terrestrial and anthropogenic inputs through the last century. Rapid modifications in the nature and quantity of deposited sediments are a major source of environmental changes (Chenhall et al., 1995) and sedimentary records have been conclusively used to infer the history of anthropogenic effects such as metal inputs (Zwolsman et al., 1993; Grousset et al., 1999) , discharge of organic contaminants (Gerritse et al., 1995; Wakeham, 1996) or nutrient enrichment (Cornwell et al., 1996; Harris et al., 2001) . This paper presents geochronology, sedimentology and geochemical results from two sediment cores sampled in the lagoon surrounding the city and harbour of Papeete, Tahiti, French Polynesia. Beyond local interest, the barrier reef of Papeete is a good example of the environmental problems that Pacific Island States are currently facing. In these countries, populations tend to concentrate in coastal urban areas located on high islands where barrier reefs often delimit small lagoons which are very sensitive to enhanced terrigeneous and anthropogenic inputs. Additionally, very few data on past environmental conditions are available in Tahiti as in most Pacific island states (Hutchings et al., 1994; Aubanel et al., 1998) . Therefore, information gained from sedimentary records may represent an especially valuable approach to compensate for such a paucity of information. Previous work conducted on the geochemistry of phosphorus in Papeete harbour proved that significant information could be gained on past environmental changes (Harris et al., 2001 ). Our present work combines results on 210 Pb geochronology, grain size, carbonate content and metal concentrations in sediments in order to assess the significance of additional terrigeneous inputs due to land erosion and direct release of anthropogenic substances in a rapidly developing tropical island. Between 1945 and 1998 , the population of the city of Papeete increased from 30,000 to more than 120,000 inhabitants (ISTAT, 1996) . The extension of Papeete and its harbour ( Fig. 1 ) was completed during the early sixties in conjunction with the development of nuclear testing facilities on the atolls of Mururoa and Fangataufa. The building of harbour facilities was initiated in 1938. However, during the period 1963-1966, a total of almost 100,000 m 2 of land was reclaimed from the sea, coral platforms and barrier reef. The most significant artificial structure is a 2 km long concrete sea wall built on the barrier reef that hampers ocean water inputs over 2/3 of the reef length. As a consequence, water circulation and the rate of lagoon water renewal have been greatly reduced in this part of the lagoon. Moreover, the Papeava and Tipaerui rivers have been delivering increasing loads of terrigenous and anthropogenic material to the lagoon because of increasing soil erosion, industrial effluent discharge and release of mostly untreated waste waters (Fichez et al., 1997) . To evaluate the potential significance of these inputs, sediment cores were sampled in 1996 at two different sites corresponding to the eastern and western part of the Papeete harbour area (Fig. 1) .
Two cores were sampled by SCUBA diving using a 1 m long and 25 cm diameter PVC corer (Harris, 1998) . Core PPV (Fig. 1 ) was sampled at 34 m depth in the western part of the harbour, which is sheltered by the seawall, and at the mouth of the Papeava River, which collects more than half of the sewage waters released by the city of Papeete. Core PPT (Fig. 1 ) was sampled at 23 m depth in the eastern and more active part of the harbour (shipping and ship repair), which is also sheltered by the sea wall. Each core was immediately brought back to the laboratory and sliced in 1 cm sediment sections. Depending on analyses, sediment sub-samples were either freeze-dried or oven-dried.
Sediment accumulation rates were determined from the decrease in excess 210 Pb activity.
210
Pb was analysed in triplicate samples by measuring its granddaughter 210 Po, considered to be in secular equilibrium with 210 Pb (Teksö z et al., 1991) . Each sample was spiked with 208 Po in order to appraise possible losses incurred during application of the digestion protocol. The 210 Po measurement was performed in a NUMELEC gridded-chamber (NU 114B model) by alpha counting, following the standardised methods of Flynn (1968) modified by Nittrouer et al. (1979) and further adapted to carbonate rich sediments by Serra et al. (1991) Ra activity was measured using gamma spectrometry. Sediment accumulation rates were determined according to Faure (1986) . Mass accumulation of sediment has been commonly used to derive independent depth scale based upon the cumulative weight per unit area (g cm À2 ) and plotting excess 210 Pb activity versus mass accumulated sediment (g cm À2 ) rather than simple depth (cm) allows compensation for compaction effects (Bollhöfer et al., 1994) . Mass accumulation was determined according to Buesseler and Benitez (1994) after measuring particle density on each sediment sub-sample according to Boyd (1995) . The age for each sediment level was derived from the linear regression of excess 210 Pb versus accumulated sediment mass which allowed for the calculation of an average accumulation rate (Robbins and Herche, 1993) . However, carbonate, which contains little or no 210 Pb, may be responsible of a significant dilution of the 210 Pb signature. In order to compensate for this bias, linear regression was conducted on non-carbonate accumulated sediment mass instead of bulk accumulated sediment mass. By doing this we calculated the accumulation rate of terrestrial sediment only, from which a more confident age-depth relationship could be established and subsequently used to calculate bulk sediment accumulation rate and interpret changes in sediment deposition and composition. An additional coring was conducted on the PPT site to allow for the determination of 137 Cs. Due to low activity levels commonly recorded in the southern hemisphere (Hancock et al., 2002) , two additional cores were sampled at station PPT and samples from identical sediment levels were pooled together to allow for the gamma determination of 137 Cs. It must be acknowledged that pooling cores together is a sure way to enhance variability. The distribution of 137 Cs was used to check on the validity of 210 Pb-derived sediment deposition rate taking into account the specific behaviour of 137 Cs in marine sediments of the southern hemisphere (Hancock et al., 2002) .
Sediment grain size was analysed using a HR 850-B laser particle sizer over a closed range of 0-600 lm. Sediment samples were washed with water through a 1 mm mesh size sieve and dispersed in water by exposure to ultrasound for 20 s. Results are synthetically presented as the relative distribution in four class sizes: >63 lm, 63-31 lm, 31-3.9 lm and <3.9 lm. Additionally, grain size parameters such as mean size (Mz) and sorting (ri) were calculated (Wentworth, 1922; Folk and Ward, 1957; Rivière, 1977) . The water content expressed in percent of sediment wet weight was obtained by weighing sediment samples before (W w ) and after (W d ) drying in an oven at 105°C for 48 h (UNEP/IOC/IAEA, 1995).
Calcium carbonate content was extracted using acetic acid as described by Loring and Rantala (1992) and measuring Ca in the extract. The acetic attack method was selected because it is one of the weakest chemical treatments that can be used to dissolve calcium carbonate (Loring and Rantala, 1988) . Ca was analysed on a Varian spectrometer model SpectrAA 400 using the flame technique. This method provided consistent results whereas the measurement of weight loss after acidification strongly overestimated carbonate content due to the joint degradation of organic material and oxides (Harris, 1998) .
The determination of organic carbon was used to assess sediment organic content. Sediment carbonate was removed according to the hydrochloric acid vapour technique (Yamamuro and Kayanne, 1995) prior to analysis on a Perkin Elmer 2400 CHN Elemental Analyser.
Metal concentrations were determined in the fine sediment fraction (<63 lm) obtained by wet sieving. Sediment samples were subject first to an acetic acid extraction step identical to that used to extract carbonates. The proportion of metal removed by this extraction is operationally defined as the non-detrital (acid soluble) metal fraction of the sediment and corresponds to a chemical assessment of the bio-available fraction of sedimentary metals. The remaining fraction, operationally defined as the residual (acid insoluble) fraction (UNEP/IOC/IAEA, 1995), was obtained by further subjecting the sediment sample to fluorhydric acid attack according to Tessier et al. (1979) . Concentrations of Cr, Ni, Mn, Fe, Al, Pb, Cu, and Zn in each fraction were determined on a Varian spectrometer model SpectrAA 400 using the flame technique. In addition, certified reference materials (SD-M-2/TM from International Atomic Energy Agency; NRCC-BCSS-1 from National Research Council of Canada) were analysed to check for extraction efficiency. Reproducibility controls were conducted on triplicate samples to assess mean concentration and standard deviation.
To synthesise the complex data set generated, we conducted a principal component analysis (PCA) combined with a cluster analysis yielding a classification of the normalized data as a function of the main sources of influence. The PCA was conducted on a matrix of 20 variables for 33 sediment samples and the cluster analysis was conducted on the correlation matrix resulting from the PCA. Excess 210 Pb activity was plotted on a log scale versus non-carbonate accumulated sediment mass for each sediment core (Fig. 2) and average sedimentation and sediment accumulation rates were calculated from the linear portions of the plots (Table 1) . Both PPV and PPT cores presented a top layer (0-6 g cm À2 ) with homogeneous excess 210 Pb activities. This homogeneous layer is generated by mixing processes with short time scales when compared with the 210 Pb half life of 22.3 years (Koide et al., 1973) . Due to the absence of significant wave effects in the protected lagoon, bioturbation can be considered as the sole significant process contributing to such mixing. Below this top section, both cores PPV and PPT presented two very distinct layers corresponding to distinct excess 210 Pb activity profiles, and hence distinct sediment deposition rates.
In core PPV, the first layer extending between 6 g cm , respectively. The two linear fits intersected at 23 g cm À2 corresponding to year 1975 (±3 y) and a bulk sediment depth of 29 cm. The sedimentation rate in the top of the core was estimated at 1.4 cm y À1 and it was calculated that the whole core length represented 120 years of sediment deposition.
Calculation of sedimentation rates based on excess 210 Pb correspond to a maximum estimate as various mixing processes also contribute to the distribution of 210 Pb in the sediment (Robbins and Herche, 1993) . Therefore, the distribution of 137 Cs in core PPT was used to test the 210 Pb chronology by comparing the age assignment of the 137 Cs horizon (deepest level where activity can be detected) against a 1952 date of onset of atmospheric nuclear testing (Hancock et al., 2002) . The distribution of 137 Cs in core PPT (Fig. 2) showed homogeneous low values around 200 mBq g À1 above 40 g cm À2 (30 cm) plus large standard deviation, the latter being partly attributed to core pooling. In the Southern Hemisphere, core profiles are not expected to show a sharp 137 Cs 1963 peak, but rather a broad plateau of low activity in the upper part of cores followed by a sharp decrease to almost undetectable levels corresponding to the pre-atmospheric nuclear testing period dated prior to 1952 (Hancock et al., 2002) . Detection limits in 137 Cs activity were reached at 42 g cm À2 corresponding to a depth of 30 cm and a calculated date of 1956 (±5 y). This pattern in the distribution of 137 Cs confirms and validates 210 Pb chronology in core PPT. Due to convergent patterns between the two cores it was considered that this validation could be reasonably extended to core PPV.
Grain size distribution (Fig. 3) in cores PPV and PPT showed that sediments were essentially composed of material below 63 lm. In core PPV, we observed that, except for the deeper layer, sand contributed to less than 10% and disappeared after 1960 together with an increase in the 31-63 lm fractions. In core PPT, the contribution of sand to sediment composition sharply decreased from around 25% below 40 cm (hence prior to year 1900) to 2% in the upper and most recent sediment layer. This trend is paralleled by an increase in the percentage of 3.9-31 and 31-63 lm fractions.
Grain size parameters, water content, calcium carbonate and organic carbon concentrations were plotted as a function of sediment depth (Fig. 4) . In core PPV the distribution of mean size (Mz) and sorting (ri) was heterogeneous showing 3 distinctive layers. From the bottom to 50 cm depth, sediment shifted from medium silt (Mz = 5.7U) to very fine silt (Mz = 7.6U) and from very poorly sorted (ri = 2.5U) to moderately sorted (ri = 1.6U). Between 50 and 42 cm depth there was a shift Fig. 3 . Grain size distribution expressed in percent of dry weight versus sediment depth in cores PPV and PPT. back to medium silt (Mz = 5.7U) and to very poorly sorted sediments (ri = 2.1U). Above 40 cm depth, hence since 1958, there was little change in medium size and a slight improvement in sorting. In core PPT we observed a strong shift in Mean size from coarse silt (Mz = 4.4U) to fine silt (Mz = 6.3U) and from poorly sorted (ri = 1.2U) to very poorly sorted (ri = 2.0U) between the bottom of the core and 40 cm depth with little change afterward.
Water content in cores PPV and PPT increased from 28-35% in the deeper to 50-60% in the upper layers. This change in sediment water content is a logical consequence of compaction due to sediment accumulation.
According to a classification established in the Great Barrier Reef and based on sediment calcium carbonate contribution (Maxwell, 1968) , sediment in cores PPV and PPT shifted from impure carbonate sediment (>70% carbonate) in the older levels to transitional/terrigeneous sediments ('40% carbonate) and terrigeneous sediments (<22% carbonate) in the modern levels of cores PPT and PPV, respectively.
The distribution of organic carbon increased from past to present with a difference of 17 mg g À1 in core PPV and 12 mg g À1 in core PPT. This difference is related to the combination of diagenetic alteration and changes in organic material inputs (Harris et al., 2001 ).
Evolution of metal concentrations was studied in cores PPV and PPT as they provided reliable geochronological records. The down-core distribution of Cr, Ni, Mn, Fe, Al, Pb, Cu, Zn in the exchangeable and refractory phases is presented in Fig. 5 .
In cores PPV and PPT, all metals from the residual phase increased from the bottom to the top of the cores, hence from past to present. The exchangeable phase presented more diverse distribution patterns. In core PPV, Cr decreased from past to present, Ni and Al were almost constant around 22 lg g À1 and 1 mg g À1 , respectively, while all other metals (Mn, Fe, Pb, Cu, Zn) increased. In the exchangeable phase of core PPT, Cr decreased slightly from past to present, Ni was almost constant around 24 lg g À1 while all other metals (Mn, Fe, Al, Pb, Cu, Zn) increased. From past to present, the contribution of the exchangeable phase relative to bulk metal concentrations in core PPV decreased from 26% to 4% for Cr, 35% to 10% for Ni, 33% to 23% for Mn and 5% to 1.8% for Al. It was almost constant at 3% for Fe and it increased from 7% to 12% for Pb, 8% to 18% for Cu and 13% to 36% for Zn. In core PPT, the contribution of the exchangeable phase decreased from past to present, from 10% to 4% for Cr, 33% to 15% for Ni, and 3% to 1.6% for Al. It was almost constant at 3% for Fe, 17% to 23% for Mn, 14% to 17% for Pb, 10% to 15% for Cu and 25% for Zn.
Considering the convergence between the decrease in exchangeable Cr and the decrease in CaCO 3 , the Cr exch / Ca ratio was studied to identify a possible relationship. The average Cr exch /Ca ratio, calculated on the whole sediment core, was 0.07 ± 0.02 in core PPV and 0.05 ± 0.01 in core PPT and the very low standard deviation strongly supported the hypothesis of a linkage between exchangeable Cr and CaCO 3 . The results from a principal component analysis (PCA) combined with a cluster analysis (Fig. 6) provided a synthetic classification of the samples as a function of the main sources of influence. Axis 1 was mainly related to the sediment CaCO 3 content and sorting (ri) on the positive side and to organic carbon (C-org) and most metals in either exchangeable or residual phases on the negative side. High carbonate content and sorting on the positive side can be related to authigenic carbonate production, while high concentrations in metals on the negative side can be related to terrigeneous inputs. No specific anthropogenic influence could be detected as no clear differences between combined metal species and geochemical phase could be identified. The authigenic versus terrigeneous gradient accounted for 70% of the sample variability. Axis 2, accounting for 12% of the variability, was mainly related to Mn-e and Ni-e on the negative side and Al-e and sediment mean size (Mz) on the positive side. Axis 3 only accounted for 7% of the variability and was mainly related to Mn-e, Mz and sigma-i. Results from the PCA showed that sediment samples from core PPV and PPT were respectively organised along axis 1. There was a clear parallel shift from authigenic to terrigeneous origin from the bottom to the top of the core, and hence from past to present. Cluster analysis further allowed for the distinction between five classes. Class 5, with a strong authigenic signature, gathered the five lower sediment layers of core PPV (prior to 1924). Class 4 only gathered two sediment samples from the bottom of core PPT (prior to 1866) which mainly identified from class 3 due to their axis 2 co-ordinates. Class 3 combined samples from core PPV and PPT and displayed a significant and progressive shift from authigenic to slightly terrigeneous origins. Class 2 gathered seven sediment samples from core PPT corresponding to the period 1964-1996 that were typified by a moderate terrigeneous signature. Class 1 with nine sediment samples from core PPV and from the period 1973-1996 showed the strongest terrigeneous influence. Both class 1 and 2 showed reasonably aggregated data demonstrating a progressive stabilisation in the amount and sources of input during the past 30 years.
Carbonate profiles in cores PPT and PPV indicated a strong modification in sediment sources during the period of deposition considered. Sedimentation in a coral reef ecosystem adjacent to a volcanic island like Tahiti depends on two main sources of sediment input. The first is a terrestrial source, mainly in the form of basaltic material rich in silicates, aluminium, iron and manganese, that represents an allochthonous origin. The second is a marine, or more precisely a lagoon authigenic source, identified by carbonate minerals which are formed by calcifying organisms such as corals, calcareous algae, molluscs, etc. that represent an autochthonous origin. It must be acknowledged that carbonates may not only originate from coral reefs but also, and in a significant proportion, from authigenic lagoon carbonate producers such as foraminifers, molluscs, etc. (Chevillon, 1996) .
For the period prior to 1958 in core PPV and 1975 in core PPT (and hence prior to the extensive and recent development of the city and harbour of Papeete,) low sedimentation rates with a high carbonate contribution and low metal concentrations demonstrated that the main source of accumulated sediments was of lagoon authigenic origin. After 1958 in core PPV (level 38 cm) and 1975 in core PPT (level 29 cm), sedimentation in the lagoon was dominated by terrestrial inputs. This predominance was stronger in core PPV, with less than 25% of carbonates, than in core PPT that contained less than 40% carbonates. Metal concentrations showed that terrestrial inputs increased dramatically in the middle of the century with average enrichment factors of around 6 in core PPV and 8 in core PPT ( Table 2) .
The transition zone between the two very distinct layers extended from 1930 to 1958 in core PPV and from 1946 to 1975 in core PPT. This large transition zone, which goes back to a date that is older than the transformation of Papeete, must be attributed to sediment mixing related to bioturbation (Officer and Lynch, 1989; Kramer et al., 1991) . If a modification occurs in the deposition regime of a tracer, biological mixing will favour the burial of the new signatures below the effective layer of deposition. Therefore, the transition zone must be considered as a layer reflecting the combined effects of bioturbation, sediment burial and progressive shift in the amount and nature of deposited sediment.
The results presented in this paper and their synthesis through the joint PCA-cluster analysis strongly suggest that core PPV is located close to a major source of ter- rigeneous and anthropogenic inputs which can be identified as the mouth of the Papeava river. Inputs from this source are primarily discharged in the western part of the harbour but are also partly exported toward the eastern harbour basin where core PPT was sampled. Even though both sites present a parallel increase in terrigeneous inputs, no strong geochemical convergence was observed between the two cores, suggesting differences in the sources of inputs. By combining historical data from the study zone and the results from the present study, it is possible to identify the major environmental causes responsible for such changes in sediment deposition.
Decrease in lagoon water circulation-The building of Papeete Harbour, funded in 1963, resulted in significant modifications including land reclamation on patch reef, building of embankments and, more importantly, building of a 3 km long jetty on the top of the barrier reef designed to protect the harbour from the large Pacific swell. As a major consequence, water circulation in the Papeete lagoon was significantly altered, the blockade of oceanic inputs over the reef strongly limiting water exchanges and favouring the deposition of fine sediments within the lagoon. Additionally, the reclaimed land strongly reduced water exchange between the western and eastern basins, which now reflect some slight differences in terrigeneous input sources.
Artificial increase in terrigeneous inputs-Urban extension since the end of the fifties generated a global modification of the coastal zone around Papeete (Gabrié, 1995; ORSTOM, 1993) . The building of an embankment on the fringing reef, plus the associated channelisation of the Papeava River through the city, strongly modified the discharge system of the river. The extension of the city of Papeete generated the need for housing areas resulting in deforestation and subsequent erosion from the steep slopes of the island. Destruction of the soil layer and associated erosion generated a significant increase in the downstream transport of terrigeneous particles towards the lagoon. This mechanism is strongly enhanced during the rainy season, when turbidity plumes form at the mouth of rivers. During such periods, particle vertical flow rates may exceed 1000 g m À2 d À1 ; a maximum rate of 3000 g m À2 d
À1 was recorded in September 1995 in front of the mouth of the Papeava river during a major rainfall event (Harris et al., 2001) . In naturally open barrier reef lagoons, a large part of this particulate material is rapidly exported toward the ocean through the main reef passes but retention of terrigeneous inputs in the lagoon of Papeete is enhanced by artificial lowering in water exchange (see above).
Anthropogenic inputs of contaminants-Urban development is coincidental with the release of artificial substances of which metals are a significant component. The Papeava River has been increasingly used as a collector for untreated sewage release and was identified as a major source of phosphorus inputs to the lagoon (Harris et al., 2001) . Metals are major by-products of urban development and their adsorption on fine particles will essentially result in a qualitative change in the geochemical composition of deposited sediments.
The results obtained from the sediment archives in Papeete harbour may be considered as an example of how barrier reef lagoons might be locally affected by urban development
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